Abstract. Yersinia pestis is among the most dangerous human pathogens, and systematic research of this pathogen is important in bacterial pathogenomics research. To fully interpret the biological functions, physiological characteristics, and pathogenesis of Y. pestis, a comprehensive annotation of its entire genome is necessary. The emergence of omicsbased research has brought new opportunities to better annotate the genome of this pathogen. Here, the complete genome of Y. pestis strain 91001 was reannotated using genomics and proteogenomics data. One hundred and thirty-seven unreliable coding sequences were removed, and 41 homologous genes were relocated with their translational initiation sites, while the functions of seven pseudogenes and 392 hypothetical genes were revised. Moreover, annotations of noncoding RNAs, repeat sequences, and transposable elements have also been incorporated. The reannotated results are freely available at http://tody.bmi.ac.cn.
INTRODUCTION
Yersinia pestis, a gram-negative bacterium, is the causative agent of bubonic and pneumonic plague, which are systemic, invasive diseases. The pathogenic lifestyle of this microbe involves two distinct life stages: one in the flea vector and the other in mammalian reservoirs, primarily rodents. 1 This notorious pathogen has caused hundreds of millions of deaths in three major plague pandemics in human history. According to the World Health Organization, there have been 18 plague outbreaks since 2001, the latest of which occurred in Madagascar in September 2015. 2 The first complete genome of Y. pestis strain CO92 was sequenced by the Wellcome Trust Sanger Institute (Cambridgeshire, United Kingdom) in 2001, and it consists of a 4.65-Mb chromosome and three plasmids of 96.2, 70.3, and 9.6 kb. 3 The genome of strain 91001, an isolate that is avirulent to humans, was sequenced in our laboratory, 4 and it consists of a circular chromosome and four plasmids, pCD1, pMT1, pPCP1, and pCRY. The size of its chromosome is slightly smaller than that of CO92 (4.60 Mb), and it contains 4,136 genes.
With the rapid development of experimental methods and techniques, especially advances in next-generation sequencing technology, there have been many extensive studies of Y. pestis, and numerous data have been accumulated in databases, such as GenBank of the National Center for Biotechnology Information (NCBI). Using transcriptomics and proteogenomics 5 can alleviate many of the problematic areas in genome annotations. When we retrospectively analyzed genome annotation results, contradictions and even errors were inevitably found because of limited knowledge, and these errors could be amplified and incorporated in subsequent annotations. In addition, emerging proteomics data are dispersed in diverse databases and literatures, and they are not systematically classified and integrated. Our reannotation study aims to generalize, summarize, and improve our existing knowledge of Y. pestis.
Genome annotation can elaborate cell functions, biological behaviors, and the pathogenesis of bacteria in a systematic way. However, this process has many limitations and, thus, reannotation is essential. 6 Reannotation is a process of annotating a previously annotated genome using improved bioinformatics methods and more comprehensive databases. [7] [8] [9] In addition to using better annotation tools, another effective method is to use data from multi-omics measurements, such as transcriptomics and proteogenomics, to increase the amount of information used in the annotations. Many online databases [10] [11] [12] and platforms [13] [14] [15] can facilitate this process for eukaryotes and prokaryotes. Although automatic annotation pipelines can save time and resources, they do not incorporate information from expert curators. Some studies have reannotated Y. pestis genomes using omics data, for example, using comparative methods. Schrimpe-Rutledge and others reannotated Y. pestis strains CO92 and PestoidesF using transcriptomics and proteomics data, 16 and Payne and others revised the annotation of the Y. pestis KIM strain using proteomics data. 17 By integrating published information, including information from various databases, proteogenomics data from tandem mass tag (TMT) mass spectrometry (MS), and small RNA (sRNA) information from RNA sequencing (RNA-seq), 18 this study reannotated the complete genome of Y. pestis strain 91001, which was originally annotated and released in 2004. The coding sequences (CDSs), translational initiation sites (TISs), pseudogenes, function annotations, noncoding RNAs (ncRNAs), repeat sequences, and transposable elements have been updated by in-depth analyses. We also built a reannotation pipeline that is also suitable for other Y. pestis genomes. The pipeline analyzes and integrates Y. pestis omics data by deploying a series of gene prediction software, protein annotation tools, and information from public databases and published studies. 19 All of the results are freely accessible at http://tody.bmi.ac.cn. (NR) reference database at the NCBI to generate an original dataset containing 4,136 genes. Then, we separately predicted gene positions using the GLIMMER, GeneMarkS, and Prodigal programs. A gene was only included in the final CDS set when its 5′ and 3′ positions were predicted consistently by at least two of the programs (Table 1) .
RESULTS

CDS adjustment.
In this process, six protein annotation errors were corrected using the NR database, which has been updated since the original annotation in 2004 (Supplemental Table 1 ), and 131 CDSs in the original gene set were removed from the annotation, as they lacked consistent 5′ or 3′ positions (Supplemental Table 1 ).
Translation initiation sites. To verify the positions of TISs, we aligned the MS peptide sequences of strain 91001 with its genome sequences (TBLASTN threshold: e-value < 10 −3 , identity > 80%). If the predicted TIS of a gene was located in the middle of the MS peptide, we extended it to the last upstream initiation codon. If the extended sequence also matched this peptide, the gene was corrected by extending the TIS to the new position ( Figure 1 ). The MS peptides were usually too short to acquire a reliable alignment of the gene sequences, which led to very few TISs being identified in the middle of the MS peptides; therefore, only two genes were corrected by this approach.
In addition to using MS data, we also integrated the results from commonly used gene prediction tools to further reannotate the positions of the TISs. We used the GLIMMER, GeneMarkS, and Prodigal programs to build a reliable gene set that included 2,302 fully consistent gene position prediction results (see section "Results"). The TISs of 39 genes were shown to differ between the previous annotation and our reliable gene set; thus, they were corrected based on their position in the reliable gene set.
Pseudogene reannotation. In the previous annotation, 143 genome fragments in strain 91001 were classified as pseudogenes. The majority of the pseudogenes resulted from the insertion or deletion of nucleotides within coding regions, which led to frame shifting. 20 Schrimpe-Rutledge and others reannotated the genome of Y. pestis strain CO92 using MS data, and 40 annotated pseudogenes were revised, 16 and Payne and others reannotated the genome of the Y. pestis strain KIM using MS data, which led to the revision of only one pseudogene. 17 Because of the high homology among known Y. pestis genomes, we combined the MS data and the reliable gene set of strain 91001 to exclude mistakenly annotated pseudogenes. First, the MS data from strain 91001 were aligned to all of the pseudogenes using TBLASTN (threshold: e-value < 10 −4 , identity > 80%), and the filtered results were termed dubious pseudogenes. Then, the reliable gene set was incorporated to identify the gene locations. If a dubious pseudogene contained a reliable gene, we considered this pseudogene to be a highly probable gene. Finally, seven pseudogenes were revised accordingly.
For instance, YP_1507 was a pseudogene in the previous annotation because it is similar to Y. pestis transposase Y1062, and it contains a frameshift mutation after codon 286. This pseudogene was split into two genes in the reliable prediction gene set. Four fragments of MS peptides could be separately matched to the two predicted genes (red box shown in Figure 2 ), which suggests that the genes could be successfully transcribed. Therefore, YP_1507 is no longer a pseudogene in our annotation, and it is reannotated as two putative genes.
Function reannotation. When a complete genome is submitted to a public database, functional annotations of this genome are generally enclosed. Most of the functional annotations are based on similarity information from homologous genes with experimentally verified functions, and they integrate information from various databases, such as the NR database at the NCBI.
Here, we aligned the sequences of the predicted CDSs of strain 91001 with the NR and European Bioinformatics Institute databases to acquire information concerning the corresponding protein products. To acquire further information, we also aligned the CDSs with 12 more databases, which provided annotation information regarding protein families and domains (Pfam, TIGRFAM, ProDom, SMART, and Prosite profiles), microbial proteomes (HAMAP), protein structures (SUPERFAMILY and Gene3D), motifs (PRINTS), and classification and prediction (PANTHER, PIRSF, and FIGURE 1. Revision of translation initiation sites (TISs) using mass spectrometry (MS) data. YP_2457, YPO3875, and y2675 are homologous genes, but YPO3875 and y2675 are 84-bp longer than YP_2457 (as shown in the green box). A 26-amino acid MS peptide can be aligned to YP_2457 (position −45 to −33 bp, as shown in the red box). Thus, we extended YP_2457 to the latest TIS. After performing a correction using the MS data, the TIS of YP_2457 was consistent with the homologous genes of the other published Yersinia pestis genomes. Coils) (Supplemental Table 2 ). We also classified the proteins according to their sequences or structural features by aligning them using the Clusters of Orthologous Groups, Pfam, and Gene Ontology databases. Finally, we identified the pathways to which the genes belonged using the Kyoto Encyclopedia of Genes and Genomes database. 21 The predicted functions of 392 hypothetical or putative proteins in the previous annotation were revised, and 2,900 CDSs (73%) (thresholds: e-value < 10 −3 and aligned length > 50% of the total length) had at least one hit in the aforementioned databases, which will provide clues for further physiology and phenotype studies of Y. pestis.
ncRNA reannotation. ncRNAs, such as transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), and sRNAs, refer to RNAs that are not translated into proteins, but which play important cellular roles. 22 We identified and characterized the ncRNAs from strain 91001 using Rfam, a database of the RNA sequence families of structural RNAs, which includes ncRNA genes and cis-regulatory elements. 23 Seventy-three tRNAs, 35 cis-regulatory elements, 29 rRNAs, and 92 predicted RNAs were found in the database. We also incorporated information for the other 134 sRNAs of strain 91001 from an RNA-seq study. 18 Together, we updated the information regarding two unknown RNAs, and we added 272 newly annotated ncRNAs using the literature and by comparing the results with the Rfam database. As a result, compared with the 102 previously annotated ncRNAs of strain 91001, 374 ncRNA elements are present in the current annotation.
Repeat sequence reannotation. Repeat sequences consist of three categories: local repeats (tandem repeats (TRs), interspersed repeat families (mainly transposable elements and retrotransposons), and large segmental duplications (fragments of genomic amplifications), which all could be identified using pattern recognition tools. From the 91001 genome, we identified 289 TRs, five long terminal repeat (LTR) retrotransposons, three clustered regularly interspaced short palindromic repeats (CRISPRs), and 147 large segmental duplications. Insertion sequences (ISs), TRs, and large segmental duplications are the main types of repeat sequences in strain 91001. ISs comprised IS100 (N = 30), FIGURE 2 . Reannotation of YP_1507. YP_1507 includes two coding sequences in the reliable prediction gene set. Four fragments of mass spectrometry peptides, marked with red boxes, matched the two predicted genes. Most of the TRs were less than 100 bp, which is consistent with our previous analysis. 26 Three large segmental duplications revealed a high repeat frequency, as they separately carried genes encoding transposases for IS1541, IS100, and IS285 ( Figure 3 ). In total, 235 TRs, five LTRs, three CRISPRs, and 147 large segmental duplications were added to the reannotation results (Tables 2 and 3 ).
Mobile element reannotation. Prophage annotation. A prophage is a bacteriophage that remains in a noninfectious state within bacterial cells. It is not just a parasite in the bacteria, but an active participant in the physical activities of its host, and it plays an important role in the bacterial life cycle. One prophage that carried seven genes was identified previously in strain 91001, and we identified three additional genome fragments that we classified as prophages. The intact one, named Enterobacteria_phage_SfV, carries 16 genes and has a 27, 28 and the information regarding the proto-spacer was included in the annotation.
Genomic island annotation. A genomic island (GI) is a large genomic region that contains multiple genes probably acquired via horizontal transfer. A GI may be associated with a variety of biological functions, symbiotic or pathogenic mechanisms, or adaptation. We used the IslandViewer database, 29 which integrates information from IslandPick, IslandPath-DIMOB, and SIGI-HMM, to find GIs in the 91001 genome. Ten genomic fragments were listed in the previous annotation, and we identified 24 new GIs, the majority of which contained fewer than 20 genes; the average length of the GIs was 10,208 bp ( Figure 4 ). There are 16 GIs in strain CO92, six of which had been found in the previous annotation of strain 91001. Now, the other 10 GIs in strain CO92 have been annotated in strain 91001.
Trans-omics database system. Using the same reannotation pipeline in strain 91001, we revised the annotation of the other 11 complete genome maps of Y. pestis (Supplemental Table 3 ). To deposit the revised annotations and facilitate the application of these results, we constructed an online transomics database system of Y. pestis (TODY) using MySQL and Python. The system provides data browsing and downloads, as well as tools for homology fragment analyses. TODY also contains expression profile data from microarray FIGURE 4 . Number of genes in genomic islands (GIs), and lengths of GIs in strain 91001. There were 16 GIs, which carried fewer than 10 genes, and 17 GIs were shorter than 10 kb. Localization refers to the tool that can be run locally, and online refers to the tool that can only be run on the web.
hybridization experiments, which were performed under various conditions, and the MS data for strain 91001. More experimental data from the literature will be included in the database in the future.
MATERIALS AND METHODS
Data source. Complete genomes of Y. pestis (Supplemental Table 3 ) and the NR database were downloaded from the NCBI. Strain 91001, which is avirulent to humans, 4 was isolated from a Brandt's vole (Microtus brandti) in Inner Mongolia, China. MS data from this strain were acquired by the TMT method 30 in 2015. The 91001 sample was labeled by stable isotope labeling by amino acids in cell culture (SILAC) method. 31 Heavy isotope labeled amino acids were Lys (CNLM-291-H-0.25) and Arg (CNLM-539-H-0.25). The expression profile data were obtained from microarray hybridization experiments, 32 and the sRNA data were obtained from RNA-seq results. 18 In addition, data from related literatures, including MS data from the KIM, CO92, and PestoidesF strains, and sRNA data from the 91001 and KIM strains, 33, 34 were collected manually.
Tools and databases. Gene prediction was conducted with GLIMMER 3.02, 35 Prodigal 2.6, 36 and GeneMarkS 4.1.
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FIGURE 5. Reannotation pipeline for Yersinia pestis. The first step is to generate reannotation data. The second step is to structure these results and construct a database.
Protein functional annotation was conducted with the NCBI NR database, gene ontology database 38 and the InterProScan 39 platform, which integrates information from other databases, including Pfam, 40 PANTHER, 41 TIGRFAM, 42 HAMAP, 43 Prosite patterns, 44 SUPERFAMILY, 45 PRINTS, 46 Gene3D, 47 Prosite profiles, 44 ProDom, 48 SMART 49 and Coils. 50 ncRNAs were annotated with Rfam. 51 Repeat sequences were annotated with NCBI BLASTN, 52 RepeatMasker, 53 Tandem Repeat Finder, 54 LTR-finder, 55 ISFinder, 56 and CRISPRfinder. 57 Prophages and GIs were annotated with the PHAST database 58 and IslandViewer, 29 respectively (Table 4) .
The MS spectra from 91001 samples were searched with the Sorcerer-SEQUEST (version 4.0.4 build; Sage-N Research, Inc., Milpitas, CA) against the composite target/decoy database to estimate false discovery rate. 59, 60 The spectral interpretation rate was 75% (the number of identified spectra/ total spectra = 28,089/37,558), protein identification rate was 68% (the number of identified protein/total protein count = 2,825/4,136) (http://tody.bmi.ac.cn/download/ identified by MS data).
Identification of homologous genes. There are arguments over the criteria that are used to identify homologous genes. By loosening sequence consistence criteria (lower identity and coverage values), more potential homologous genes could be identified, and the rate of detecting false negatives could be decreased; however, this would increase the number of possible false-positive results. As the genome of Y. pestis is highly conserved, the number of homologous genes aligned by BLASTN only decreased by approximately 2% when the nucleotide acid identity threshold increased from 80% to 95%, and very few homologous alleles were missed during detection. Hence, we tended to select strict criteria to increase the reliability of the results, that is, homologous genes across different strains of Y. pestis were identified through BLASTN using the following thresholds: e-value < 10 −5
, identity > 95%, and aligned length > 80% of the total length. The method of core gene set construction had been put forward along with Eppinger and others' method. 24 Definition of a reliable gene set by integrating the results from different gene prediction tools. Gene prediction is fundamental to genome annotation, but different tools usually generate different results because they use different algorithms. The widely used gene prediction software GLIMMER is based on an interpolated Markov model. GeneMarkS uses a hidden Markov model and an iterative self-learning algorithm for gene prediction, whereas Prodigal is based on a dynamic programming algorithm. Different versions of the same software may generate different prediction results. For example, GLIMMER 1.0 61 was first released in 1998. In 2007, the GLIMMER 3.0 62 update contained some major improvements compared with the original version, such as supporting longer open reading frames, as well as ribosome binding site and overlapping gene predictions. In addition, the accuracy of the genome annotation results is affected by the parameter settings and database updates.
The prediction results for Y. pestis genomes using GLIM-MER (threshold: overlap number = 1, gene length > 100, score > 30), GeneMarkS (parameter: prok, combine mode), and Prodigal varied, especially regarding the positions of TISs (Supplemental Table 4 ). Therefore, a predicted gene was defined as highly reliable only when the three prediction tools presented fully consistent results (i.e., both the predicted 3′ and 5′ ends of the gene were consistent). In addition, this reliable gene set was used to adjust the positions of the TISs of 2,302 genes.
Y. pestis genome reannotation pipeline. The de novo annotation of a new genome generally begins with gene prediction using prediction tools. 63 Then, predicted genes are aligned to a reference genome, and protein databases based on nucleotide or amino acid sequence homologies are used to infer gene products and functions. Finally, the annotations are complemented with experimental data or manual revisions. To reannotate strain 91001, we generated a pipeline that could be applied to other Y. pestis genomes ( Figure 5 ). Our reannotation pipeline is divided into two major steps. The first step is data preprocessing. In this step, CDSs and the reliable gene set were determined based on the gene prediction results. Then, the allele genotype set was built after performing the homology and functional analyses. Finally, TISs and pseudogenes were reannotated according to the screened results obtained from the homologous gene data, MS data, and reliable gene prediction sets. In addition, repeat sequences, mobile elements, prophages, and GIs were reannotated across the whole genome, and ncRNAs were identified in noncoding regions. The second step is to structure the reannotation results. Because a variety of computational tools and public databases are incorporated in this process, preprocessed data must be screened, reduced, corrected, classified, and standardized. Then, processed, structured data are integrated to generate the final reannotation results. The pipeline was applied to 12 complete genome maps of Y. pestis strains, and the results were imported into the TODY database. In addition to the TIS and pseudogene reannotations, other preprocesses were automatic, and some computing processes occurred in parallel; manual work was indispensable for the reannotations.
DISCUSSION
In this study, we integrated all of the available genomic data, as well as data from public databases, experimental proteomic data, and data from the literature to systematically reannotate the CDSs, TISs, pseudogenes, ncRNAs, repeat sequences, and mobile elements in strain 91001. Compared with the previous annotation, the updated version removed 137 hypothetical genes, corrected the positions of 41 TISs, and identified seven pseudogenes and 392 genes with hypothetical functions. It added 272 ncRNAs, 230 repeat sequences, three prophages, and 24 GIs, and it improved protein annotation by integrating information from multiple databases. Totally 89% of the whole genome sequence was annotated as possible coding regions in strain 91001, which will facilitate biological studies of Y. pestis. We also built a reannotation pipeline to analyze other publicly released Y. pestis genomes and to create online tools to use this reannotation information.
Notably, the functions of around one-seventh (619/3,999) of the genes, occupying 10.7% of the genome, are still unknown, and these genes were annotated as "hypothetical" or "putative." Although some genes may have resulted from false-positive prediction results caused by overprediction of the bioinformatics tools, 27 many of them were predicted to perform essential functions, although this will need to be confirmed by experimental studies. Therefore, this reannotation will be a persistent work in progress, and it will increase our knowledge of bacteria. In addition, this reannotation was not just an in silico experiment that was conducted using bioinformatics tools, because it required a large amount of experimental data to increase its credibility. However, because much of the experimental data have not been fully digitized, formatted, structured, and standardized, the development of artificial intelligence to collect and process experimental data should be used to improve the automatic reannotation of Y. pestis.
